The ets-related gene erg encodes a transcription factor that is implicated in the control of cell growth and dierentiation. To identify interacting partners of ERG, we screened a yeast two-hybrid cDNA library constructed from mouse hematopoietic cells using the N-terminal region of ERG as a bait. We isolated a 4.6 kb full-length mouse cDNA encoding a 1307-amino acid protein migrating as a 180 kD band, which was termed ESET (ERG-associated protein with SET domain). ESET is 92% identical to the human protein SETDB1 (SET domain, bifurcated 1). The interaction between ESET and ERG was supported by in vitro pull-down using glutathione S-transferase (GST) fusion protein, by transfection and co-immunoprecipitation experiments, and by association of endogenous SETDB1 with ERG. Since ESET possesses evolutionarily conserved SET, preSET, and postSET domains implicated in histone methylation, we tested the ability of ESET to methylate core histones. The results of these studies demonstrated that ESET is a histone H3-speci®c methyltransferase, and that mutations within ESET abolished its methyltransferase activity. Together, these ®ndings raise the possibility that transcription factor ERG may participate in transcriptional regulation through ESET-mediated histone methylation.
The ets-related gene erg encodes a transcription factor that is implicated in the control of cell growth and dierentiation. To identify interacting partners of ERG, we screened a yeast two-hybrid cDNA library constructed from mouse hematopoietic cells using the N-terminal region of ERG as a bait. We isolated a 4.6 kb full-length mouse cDNA encoding a 1307-amino acid protein migrating as a 180 kD band, which was termed ESET (ERG-associated protein with SET domain). ESET is 92% identical to the human protein SETDB1 (SET domain, bifurcated 1). The interaction between ESET and ERG was supported by in vitro pull-down using glutathione S-transferase (GST) fusion protein, by transfection and co-immunoprecipitation experiments, and by association of endogenous SETDB1 with ERG. Since ESET possesses evolutionarily conserved SET, preSET, and postSET domains implicated in histone methylation, we tested the ability of ESET to methylate core histones. The results of these studies demonstrated that ESET is a histone H3-speci®c methyltransferase, and that mutations within ESET abolished its methyltransferase activity. Together, these ®ndings raise the possibility that transcription factor ERG may participate in transcriptional regulation through ESET-mediated histone methylation. Oncogene (2002) 21, 148 ± 152. DOI: 10.1038/sj/onc/ 1204998 Keywords: histone methyltransferase; ESET; ERG The evolutionarily conserved ETS-family of transcription factors have been a subject of intensive study because of their ability to regulate important physiological processes including osteogenesis and regulation of extracellular matrix (Raouf and Seth, 2000; Trojanowska, 2000) . The criterion for ETS family membership is the presence of an approximately 85-amino acid ETS domain named after the founding member ETS-1, originally identi®ed from the avian leukemia retrovirus E twenty six (E26) (Nunn et al., 1983; Leprince et al., 1983) . ETS proteins usually bind to DNA as monomers via the ETS domain, however it has been shown that the DNA binding activity is enhanced or modulated through interactions with other transcription factors (Li et al., 2000) .
The ets-related gene erg is located on chromosome 21 and was originally cloned through cross-hybridization to the ets-2 probe (Rao et al., 1987) . In human myeloid leukemia, the erg gene is fused to the tls (translocation liposarcoma) gene located on chromosome 16 (Ichikawa et al., 1994) . This reciprocal t(16;21) chromosomal translocation generates a fusion protein TLS/ERG. The TLS/ERG leukemia fusion protein retains the N-terminal domain of TLS, however the Cterminal domain of TLS is replaced by the DNAbinding domain of ERG. In subsets of Ewing's sarcomas with a t(21;22) chromosomal translocation, the N-terminal domain of EWS protein is replaced by the same DNA-binding domain of ERG, resulting in the generation of chimeric EWS/ERG sarcoma fusion protein (Dunn et al., 1994; Giovannini et al., 1994; Sorensen et al., 1994; Zucman et al., 1993) .
The TLS/ERG leukemia fusion protein and the EWS/ERG sarcoma fusion protein have been reported to interfere with important cellular processes such as transcription and RNA splicing (Im et al., 2000; Prasad et al., 1994; Yang et al., 2000) . Although both fusion proteins are capable of cellular transformation, the underlying transformation mechanism is not understood. Understanding the mechanism of cellular transformation by these fusion proteins will likely require knowledge regarding the functions of the intact wild-type proteins. In this regard, it is notable that the N-terminal domain of ERG is replaced in both the TLS/ERG and EWS/ERG fusion proteins, suggesting that normal protein functions mediated through the Nterminal domain of ERG might be lost via oncogenic fusion.
To identify ERG-interacting proteins, we used the N-terminal domain of ERG (amino acids 1 ± 114) as a bait to screen a yeast two-hybrid library derived from mouse multipotential hematopoietic cells. In the initial yeast two-hybrid screen of 1610 7 transformants, we identi®ed two independent clones that were positive for interaction with the ERG bait but negative for interactions with control proteins. The ®rst clone encodes UBC9, a ubiquitin-conjugating enzyme that had previously been reported to interact with ERG protein (Hahn et al., 1997) . The second clone represents a novel protein with the highest homology to human clone KIAA0067 (GenBank accession no. D31891). Full-length mouse cDNA for this ERGinteracting clone was isolated from an EML cDNA phage library. Nucleotide sequence revealed that the cDNA is 4.6 kilobases in length (GenBank accession no. AF091628), with the sequence surrounding the ®rst ATG codon matching well to the Kozak translation initiation consensus (Kozak, 1991) . The deduced amino acid sequence of the open reading frame corresponded to a protein of 1307 amino acids with a calculated molecular weight of 145 kD ( Figure 1a ). Since this protein contained an evolutionarily conserved SET (suppressor of variegation, enhancer of zeste and trithorax) domain (Tschiersch et al., 1994) between amino acids 814 to 1307, it was therefore termed ERGassociated protein with SET domain (ESET).
A database search revealed that ESET is 92% identical to the 1291-amino acid protein deduced from the KIAA0067 clone isolated from KG-1cells, a human acute myelogenous leukemia cell line (Nomura et al., 1994) . The human protein was named SETDB1 (SET domain, bifurcated 1) based on the fact that the SET domain was separated by a 347-amino acid insertion (Harte et al., 1999) . In addition to the divided SET domain, both mouse ESET and human SETDB1 proteins contain the tudor domain (Ponting, 1997) and the methyl-CpG binding domain (Bird and Wole, 1999) (Figure 1b) . A tudor domain in the survival of motor neuron (SMN) protein is known to mediate protein ± protein interactions that are crucial to the assembly of spliceosomal complexes (Buhler et al., 1999) , whereas the methyl-CpG binding domain is found in proteins involved in methylated DNA silencing (Bird and Wole, 1999) .
To verify that the deduced reading frame of ESET corresponds to the expressed ESET protein, pBS phagemid containing the full-length ESET cDNA was To examine the expression pattern of the ESET gene in various tissues, a mouse multi-tissue Northern blot was hybridized to a 32 P-labeled ESET cDNA probe. The 4.6 kb ESET mRNA transcript is most prominent in mouse liver and testis (Figure 2b, lanes 5 and 8, top  panel) . Interestingly, the human SETDB1 gene also appears to be highly expressed in testis although expression is detectable in all the tissues examined (http : // www.kazusa.or.jp/huge/g®mage/northern/html/ KIAA0067.html).
To verify the yeast two-hybrid interaction between ESET and ERG, GST`pull-down' assays were performed.
35 S-labeled ERG was transcribed and translated in vitro from the pSG5-FL-ERG ( Figure  3a , lane 1) and used to bind the GST-ESET(1 ± 167). After three washes with binding buer, the bound 35 Slabeled ERG was resolved by SDS ± PAGE. Results shown in Figure 3a (lane 4) indicate that ESET interacts with ERG. However, under the same conditions, the 35 S-labeled ERG failed to bind to the negative controls (Figure 3a, lanes 2 and 3) .
The ®nding that ERG interacts with ESET in the yeast two-hybrid screen and in the GST`pull-down' assay suggested that these two proteins might also associate with each other in mammalian cells. To demonstrate their association in vivo, plasmids expressing Flag-tagged ERG and Myc-tagged ESET were cotransfected into 293T cells, and cell lysates from the cotransfected cells (Figure 3b , lane 1) were used for immunoprecipitation. A mouse monoclonal anti-Myc antibody co-immunoprecipitated the Myc-ESET along with appreciable amount of Flag-ERG (Figure 3b , lane 2), whereas a control mouse IgG failed to bring down either epitope-tagged protein (Figure 3b, lane 3) .
To provide further evidence supporting the in vivo association between ESET and ERG, a rabbit polyclonal antibody against the N-terminal 167 amino acids of ESET was generated. This antibody recognizes both mouse ESET and human SETDB1 due to a high degree of sequence homology between these two proteins ( Figure 3C, lanes 1 and 2) . In a previous study, the human K562 leukemia cells were transduced with a retrovirus that expresses Flag-tagged ERG protein at the physiological level (Yang et al., 2000) . Western blotting analysis of lysate from these K562 cells detected both retroviral Flag-ERG and endogenous SETDB1 (Figure 3d, lane 1) . When endogenous SETDB1 protein was immunoprecipitated from these K562 cells with anity-puri®ed anti-ESET antibody, retroviral Flag-ERG was detectable from the anti-ESET immunoprecipitate (Figure 3d, lane 2) . The SETDB1 and Flag-ERG association is speci®c as Flag-ERG was absent in the control immunoprecipitate obtained using an unrelated rabbit polyclonal antibody (Figure 3d, lane 3) .
The association of ESET (or SETDB1) with ERG may aect the functions of both proteins. One of the potential activities of ESET is suggested by the presence of the SET domain. In this regard, it was demonstrated recently that a SET domain-containing protein, the mammalian homologue of the Drosophila SU(VAR)3-9 protein, is a site-speci®c histone H3 methyltransferase (HMTase) (Rea et al., 2000) . The G9A protein, another SET domain-containing molecule, has also been reported to function as a histone H3 methyltransferase (Tachibana et al., 2001) . Interestingly, all the invariant amino acid residues within the SET domains and their adjacent catalytically Full-length ERG-2 was cloned in-frame into the EcoRI-SmaI sites of pSG5-FL vector for in vitro translation of Flag-tagged ERG protein. The Glutathione S-transferase (GST) and GST-ESET fusion protein were expressed from plasmid pGEX4TK and pGEX-ESET (with a DNA insert corresponding to amino acids 1 ± 167 of ESET) in E. coli as previously described (Wu et al., 1996) . important cysteine rich regions (preSET and postSET domains) of Suv39h1 and G9A are conserved in the ESET protein (Figure 4a ). This high degree of conservation raised the possibility that ESET is also a HMTase. To test this possibility, a plasmid encoding Flag-tagged ESET was transiently expressed in 293T cells and immunoprecipitated with antibodies against Flag. The immunoprecipitates were divided into two parts for Western blotting and HMTase activity assay. The previously described myc-tagged SUV39h1 (Rea et al., 2000) was used as a positive control in the methylation assay. The HMTase substrates in the assay were HeLa histone octamers consisting of histone H2A, H2B, H3 and H4 subunits. Results shown in Figure 4b indicate that ESET, like SUV39h1, can speci®cally methylate histone H3 while inactive toward histone H2A, H2B and H4 (Figure 4b, lanes 1 and 2) . To demonstrate that ESET, not its associated proteins are responsible for the enzymatic activity, two highly conserved cysteines at 798 and 1242 in preSET domain and SET domains of ESET proteins were mutated and analysed for HMTase activity. Both mutants (C798L and C1242T) were expressed at levels similar to that of wild-type ESET, however neither mutant retained the HMTase activity (Figure 4b, lanes 3 and 4) .
These studies indicate that mouse ESET (or its human homologue SETDB1) is an ERG-associated protein, and that ESET protein functions as a histone H3-speci®c methyltransferase. Our ®ndings raise the intriguing possibility that the ETS-related transcription factor ERG may participate in transcriptional regulation, at least in part, through the recruitment of ESET histone methyltransferase and subsequent modi®cation of local chromatin structure. Methylation of histones on both lysine and arginine residues has been well documented , and this mod- (Lachner et al., 2001; Bannister et al., 2001) , leading to either gene activation or gene silencing (Chen et al., 1999) . In addition, protein methylation can also aect cellular functions such as RNA processing and receptor-mediated signaling (Aletta et al., 1998) . While the in vivo targets of the ESET methyltransferase are likely to include histone H3, the functional consequences of ESET (or SETDB1) association with ERG are currently under investigation.
